Three different katG sequences (katGI, katGII and katGIII) were identified in the Mycobacterium smegmatis genome. The contributions of the three katG genes to survival of the bacterium were examined by constructing disruptants of these three genes. The katGIII sequence did not produce a functional catalase-peroxidase. Analyses of peroxidase activity and mRNA expression revealed that in wild type M. smegmatis, expression dominance between KatGI and KatGII was switched in the exponential and stationary growth phases. Susceptibility of the M. smegmatis gene disruptants to hydrogen peroxide (H 2 O 2 ) was tested in two growth phases. In the exponential phase, the katGI-null strain was more susceptible to H 2 O 2 than the katGII-null strain, indicating that KatGI plays a more important role in survival than KatGII in this growth phase. In contrast, in the stationary phase, growth of the katGII-null strain was inhibited at lower concentrations of H 2 O 2 . These results suggest that M. smegmatis has two types of catalase-peroxidases, expressions of which are controlled under different gene regulatory systems. Isoniazid (INH) susceptibilities of the katG-null strains were also examined and it was found that katGI is a major determinant of M. smegmatis susceptibility to INH.
Many mycobacteria produce two types of catalases (1) . The heat-labile T-catalase, which also has peroxidase activity (similarly to Escherichia coli HPI), is encoded by katG, whereas the heat-stable M-catalase (similarly to E. coli HPII) is encoded by katE. Mycobacterium tuberculosis produces only one type of catalase; however, the majority of fast-growing mycobacteria produce both (2) . It has been suggested that catalaseperoxidase plays an important role in several aspects of mycobacterial metabolism and it is considered to be one of the virulence factors of pathogenic mycobacteria (3, 4) . Intracellular pathogens such as M. tuberculosis can survive against antimicrobial products generated by the host cell in response to infection. It has been reported that the major role of KatG in M. tuberculosis pathogenesis is to catabolize the peroxides generated by the phagocyte nicotinamide adenine dinucleotide phosphate oxidase (5) . However, Mycobacterium leprae, one of the most important pathogenic mycobacteria, lacks catalase activity (2, 6) , which means that this activity is not necessary for M. leprae to grow in host cells. The importance of catalase for survival in host cells seems to differ between mycobacterial species.
Another major characteristic of mycobacterial catalase-peroxidases is their relationship with the susceptibility of M. tuberculosis to INH. M. tuberculosis catalase-peroxidase confers sensitivity to INH (7) , which is one of the major drugs currently used to treat tuberculosis. Development of resistance in M. tuberculosis is often associated with a loss of catalase-peroxidase activity through mutations in the sequence of its katG gene (8, 9) . Catalase-peroxidase activates INH to a toxic oxidated derivative, thereby inhibiting the biosynthesis of cell wall mycolic acids (10) .
Mycobacterium smegmatis, a non-pathogenic fastgrowing mycobacterium, is often used as a host for analyzing M. tuberculosis genes, including katG (11). Genome-sequencing technologies have revealed that the M. smegmatis mc 2 155 genome has three different katG sequences (katGI, katGII and katGIII). However, katGI is considered the only counterpart of M. tuberculosis katG in M. smegmatis (11, 12) . We report investigations into functional differences between the three katG genes of M. smegmatis in the contexts of oxidative stress and INH resistance.
MATERIALS AND METHODS

Primers, media and growth conditions
Oligonucleotide primers used in this study are listed in Table 1 . Mycobacteria were grown in Middlebrook 7H9 medium (Difco, Franklin Lakes, NJ, USA) supplemented with ADS (0.5% BSA [fraction V], 0.2%glucose and 0.085% NaCl), 0.2% glycerol and 0.1% Tween 80.
Construction of katG-null mutants of M. smegmatis
The allelic exchange mutants were constructed by the temperature-sensitive mycobacteriophage method (13, 14) . Using the M. smegmatis genome sequence (Accession no. CP000480), the upstream and the downstream 155 was infected by the produced temperature-sensitive phage at 37°C for allelic exchange and hygromycin-resistant colonies were isolated. The res-hyg-res cassette was then removed by introducing the plasmid pYUB870. pYUB870 was removed from the cells by plating the bacterial cells onto 7H10 agar medium containing ADS and sucrose. The katGI-null strain obtained was then used for katGII disruption. The katGI-null and katGII-null strain obtained was then used for katGIII disruption. Finally, the katGI mutant NNS101, katGII mutant NNS102, katGIII mutant NNS103, katGI katGII double mutant NNS104 and katGI katGII katGIII triple mutant NNS105 were generated. Replacement of the wild type alleles by the null alleles was confirmed by PCR (see Fig. S1 ).
RT-PCR analysis
For RT-PCR, total RNA was prepared using an RNeasy Protect Bacteria Mini Kit (Qiagen, Gaithersburg, MD, USA) according to the manufacturer's protocol. Bacterial cells were disrupted using Micro Smash MS-100 (Tomy, Tokyo, Japan) at 3500 rpm for 3 min. RNA was quantified spectrophotometrically. Pelleted RNA was suspended in 30 mL of RNase free water and stored at À70°C. RT-PCR was performed using PrimeScript RT-PCR Kit (Takara, Shiga, Japan).
Staining for activity of catalase and peroxidase
Staining for activity of catalase and peroxidase was performed as follows. Native polyacrylamide gels (6%) were stained for either catalase or peroxidase activity. Staining for activity of catalase was performed as described by Gregory et al. (15) with modifications. After electrophoresis, gels were soaked in 50 mM potassium phosphate (pH 7.0) containing 0.05 mg/mL HRP (Sigma, St Louis, MO, USA) for 45 min, after which H 2 O 2 was added in phosphate buffer to 0.03%. After an additional 10 min bathing, the gels were washed twice with water and transferred into 50 mM potassium phosphate (pH 7.0) containing 0.5 mg/mL diaminobenzidine. Peroxidase activity was visualized as described by Lygren et al. (2) . After electrophoresis, gels were soaked in a solution of 2 mM O-dianisidine and 50 mM potassium phosphate (pH .7.0) for 45 min and then transferred to a solution of 0.006% H 2 O 2 .
The gels were incubated at room temperature until staining was completed.
Expression and purification of katG products
The katGI, katGII and katGIII open reading frames were separately cloned into pQE-80L-Kan (Qiagen) for His-tag purification and the resultant plasmids introduced into E. coli BL21. Expression of these genes was induced by adding isopropyl b-D-1-thiogalactopyranoside to the bacterial cultures at 1 mM. The Histagged katG products were purified using a QIAexpress Ni-NTA Fast Start kit (Qiagen) under native conditions. 155, its katG-null mutants and katG-complemented strains were diluted to 1/10 in 7H9 broth and various concentrations of H 2 O 2 added to the cultures. Cells were incubated at 37°C without shaking. The OD at 600 nm was determined immediately, 3 hr, 6 hr, 9 hr, 12 hr and 24 hr after addition of H 2 O 2 .
Testing susceptibility to INH
Saturated cultures of M. smegmatis (wild type, katG-null mutants and katG-complemented strains) in 7H9 broth were diluted (1/1000) with fresh medium. A drop (5 mL) of diluted culture was spread on plates with medium supplemented with twofold serial dilutions of INH (1 to 512 mg/mL).
RESULTS
Staining for activity of the katG-null mutants for catalase and peroxidase.
To confirm that the katG mutants are not able to produce corresponding catalase-peroxidases, catalase and peroxidase activities of the mutants were examined. Protein extracts of the wild type strain mc 2 155, NNS101, NNS102, NNS103, NNS104 and NNS105 were separated electrophoretically on native polyacrylamide gels and catalase and peroxidase activity bands visualized. Three catalase species and two peroxidase species were found in crude extracts of the wild type strain (Fig. 1a) . Activity bands, which showed the fastest mobility on the catalasestaining gel, were not detected in the extracts of NNS101, NNS104 and NNS105, suggesting that these bands are the products of katGI. Bands showing intermediate mobility on the catalase-staining gel were not detected in the extracts of NNS102, NNS104 and NNS105, suggesting that these bands are the products of katGII. Interestingly, the katGIII-null mutant showed similar patterns of catalase and peroxidase activities to the wild type strain, indicating that the enzymatic activities from the katGIII are not expressed in the wild type strain Bands showing the slowest mobility on the catalase-staining gel were detected from all strains; however, the corresponding bands were not seen on the peroxidase-staining gel, suggesting that these bands are not the products of katGI, katGII or katGIII, but possibly the products of another catalase gene, MSMEG_3486.
Catalase-peroxidase activities expressed by the three katG genes
Because activity bands from the katGIII gene could not be identified from M. smegmatis mc 2 155, the three katG genes were separately cloned and expressed in E. coli. The three katG products were partially purified using His-tag and their catalase and peroxidase activities examined (Fig. 1b) . No catalase or peroxidase activity was detected in the katGIII product, suggesting that katGIII of M. smegmatis mc 2 155 is not functional as a catalase-peroxidase gene. Next, PCR amplification was used to attempt to isolate a katGIII gene from several other M. smegmatis strains (F21, P31, J15CS and 607). PCR bands were produced from M. smegmatis strains 607 and P31 (data not shown). The nucleotide sequence of the katGIII open reading frame amplified from strain 607 was 100% identical with that from strain mc 2 155. The katGIII sequence of strain P31 had eight synonymous and six non-synonymous nucleotide substitutions compared with that of mc 2 155 (data not shown). However, a katGIII DNA fragment from P31 also produced no catalase or peroxidase activity (data not shown). To rule out the possibility that the recombinant KatGIII lost catalase-peroxidase activity while expressed in E. coli, expression of the three katG genes in the katGI katGII katGIII triple mutant NNS105 was examined. Distinct bands with catalase-peroxidase activities were produced from the katGI and katGII genes; however, no band with either catalase or peroxidase activity was produced from the katGIII (Fig. S2) .
Expression of katGI and katGII at various growth stages
Activities of the two KatG peroxidases in wild type M. smegmatis were compared at various growth stages (Fig. 2a,b) . Activities of KatGI and KatGII were expressed in the wild type M. smegmatis during growth, but the strength of expression of these two activities at each growth stages differed. From early to midexponential growth, KatGI activity was predominant. However, KatGII activity was increased in the stationary growth phase. RT-PCR was performed to compare amounts of the mRNA of the two katG genes. The katGI transcript was constantly expressed during growth, whereas the katGII transcript was very weakly expressed in the exponential growth phase (Fig. 2c) . In the late exponential and stationary phases, amounts of the katGII transcript were increased.
Contributions of katGI and katGII against oxidative stress
To clarify the contributions of the katGI and katGII genes to resistance to H 2 O 2 , which is considered to be important for intracellular survival of mycobacteria, the growth of the M. smegmatis strains after adding H 2 O 2 at various concentrations during the exponential growth phase was compared. As shown in Figure 3a , all strains multiplied at almost the same rate until H 2 O 2 was added. After addition of 1 mM H 2 O 2 at 6 hr in the exponential growth phase, the growth rate of NNS104 (katGI, katGII double mutant) was remarkably reduced. At this concentration, the growth rate of NNS101 (katGI mutant) was slightly reduced, whereas that of NNS102 (katGII mutant) was almost the same as the wild type strain's growth rate. Growth of NNS104 and NNS101 was more strongly inhibited in the presence of 5 mM H 2 O 2 . At this concentration, the growth rates of the wild type strain and NNS102 were only slightly reduced, no difference between the two being observed. In the presence of 10 mM H 2 O 2 , strong inhibition of the growth of NNS101 and NNS104 was observed and growth rates of mc 2 155 and NNS102 were reduced more than was observed at 5 mM H 2 O 2 . At 10 mM, there was still no significant difference between mc 2 155 and NNS102. The katGI-null strain NNS101 was found to be more susceptible to H 2 O 2 than the katGII-null strain NNS102, indicating that katGI plays a more important role for exponentially growing M. smegmatis.
The contributions of the two katG genes to resistance to H 2 O 2 in the stationary growth phase were then examined. All of the strains prepared from the cultures of the stationary growth phase multiplied gradually at almost the same rate under static conditions when H 2 O 2 was absent from the medium (Fig. 3b) . The growth rate of NNS104 was significantly reduced in the presence of 1 mM H 2 O 2 . At 5 mM, growth of NNS102 was slightly inhibited; however, the growth rate of NNS101 was almost the same as that of the wild type strain. At 10 mM, strong inhibition of the growth of NNS102 and NNS104 was observed. CFU of the M. smegmatis strains in the presence of 10 mM H 2 O 2 were measured. At this concentration, all cells of NNS102 and NNS104 were dead 6 hr after H 2 O 2 addition (Table S1) . Under these conditions, the katGII-null strain NNS102 was found to be more susceptible to H 2 O 2 than the katGI-null strain NNS101, indicating that katGII plays a more important role in bacterial survival during the stationary growth phase.
INH susceptibility
As shown in Figure 4 , mc 2 155 and the katGII-null mutant NNS102 did not grow on 7H10 agar plates containing 8 mg/mL INH. Growth of the katGI-null mutant NNS101 was inhibited weakly at 32 mg/mL INH and completely at 64 mg/mL. Growth of the katGI-null katGII-null double mutant NNS104 was not completely inhibited at 64 mg/mL, suggesting that the katGII gene is partly involved in INH susceptibility. Two katG-complemented strains (NNS101carrying pMV-katGI and NNS102 carrying pMV-katGII) were found to be hypersensitive to INH (data not shown). 
DISCUSSION
In the present study, we demonstrated that M. smegmatis has two different katG genes encoding functional catalase-peroxidases. Although M. smegmatis is considered to be a non-pathogenic mycobacterium that usually grows outside of cells, catalase-peroxidase is still important for this organism to remove exogenous peroxide. Another fast-growing mycobacterium M. fortuitum also produces two different catalaseperoxidases (16); however, differences in their roles for survival of the host bacterium have not been clearly defined. The present study revealed that M. smegmatis has at least two different katG genes (katGI and katGII) that are not redundancies or backup copies for each other. They have different roles for survival under environmental stress.
katGIII did not produce any activity bands of catalase or peroxidase. Figure 5 shows the phylogenetic relationships of mycobacterial katG sequences. Sequence identities between each two of the three M. smegmatis katG genes are 63% (katGI and katGII), 61% (katGI and katGIII), and 66% (katGII and katGIII). Although the katGIII locus might have once produced catalase-peroxidase activity in the ancestors of strains mc 2 155, 607 and P31, it may no longer have the function of encoding the activity of these strains.
Mycobacterial KatG is known to be involved in susceptibility to INH. The KatG catalase-peroxidase of M. tuberculosis activates INH to a toxic derivative; some other mycobacterial catalase-peroxidases have the same activity (11) . The katGII-disrupted strain NNS102 showed almost the same degree of susceptibility to INH as the wild type strain (Fig. 4) . Given that exponentially growing M. smegmatis expresses KatGI much more strongly than does KatGII (Fig. 2) , the ability of KatGII to make M. smegmatis susceptible to INH may be masked. In wild type M. tuberculosis, the katG gene is intact; however, oxyR, the central regulator gene of the oxidative stress response (17) , which also acts as a regulator of the nitrosative stress response (18) , is dysfunctional. The M. tuberculosis equivalent of oxyR has been shown to be a pseudogene with multiple lesions (19) . The oxyR gene is inactive in M. tuberculosis and some closely related species, but active in other mycobacteria (19, 20) . However, M. smegmatis has no homologous sequence to oxyR in its genome (20) . Fastgrowing mycobacteria M. smegmatis and M. fortuitum produce two catalase-peroxidases; however, overexpression of the M. leprae oxyR gene in each species was inconsistent. Although bacterial growth was greatly inhibited when this gene was expressed in M. fortuitum NIHJ 1615, no significant change on either growth or catalase-peroxidase expression was observed when it was expressed in M. smegmatis mc 2 155 (data not shown). These findings suggest that M. smegmatis lacks both the oxyR gene and the OxyR-recognition system and that during its evolution M. smegmatis has developed a regulation system that differs from that employed by many other bacteria to control oxidative responses. Expression of the katGI gene is downregulated by MDP1, a histone-like nucleoid associated protein, in the stationary growth phase (12, 21) . The katGII gene may have a role in compensating for the lack of catalaseperoxidase activity in this growth phase.
The number of genes that bacteria can activate when they detect changes in the environment is possibly related to their ability to survive in different environments. The genome size of the intracellular restricted mycobacterium M. leprae is smaller than those of other mycobacteria and approximately 41% of its genes have become pseudogenes, including the katG locus (22, 23) . This indicates that M. leprae requires fewer genes for survival within its host, this possibly being attributable to the stability of its environment. In order to efficiently adapt to unstable environments, M. smegmatis may have specifically developed a unique system for detoxifying peroxides by acquiring more than one katG gene.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article at the publisher's web-site. Table S1 . Growth of M. smegmatis strains in the presence of 10 mM H 2 O 2 . Figure S1 . PCR analysis to confirm disruptions of the katG genes. Figure S2 . Expression of the cloned katG genes in M. smegmatis NNS105 (DkatGI DkatGII DkatGIII).
